Mixed micelles of 32P-labeled phosphatidylcholine or phosphatidic acid (PA) and the nonionic detergent octylphenol polyethylene oxide were used to assay the activities of phospholipase D and PA phosphatase in crude extracts of mung bean ( Vigna radiata) cotyledons. Together these enzymes degrade phosphatidylcholine to free choline, inorganic phosphate, and sn-1,2-diacylglycerol. Here, we extend a preliminary observation (9) showing that extracts of mung bean cotyledons rapidly degrade PC and PE. The two enzymes responsible for this catabolism (phospholipase D and PA phosphatase) have been partially characterized. This is, as far as the authors are aware, the first report of the presence of an acidic PA phosphatase in plant cells.
distribution on sucrose gradient as the endoplasmic reticulum marker enzyme NADH-cytochrome c reductase. The other, PA phosphatase, with a pH optimum of 5.0, was present in a protein body-rich fraction and in the load portion of the gradient. Fractionation of broken protoplasts on Ficoll gradients (a method which allows for the isolation of a high proportion of intact protein bodies) indicates that most of the cellular phospholipase D and PA phosphatase (pH 5.0) are associated with the protein bodies. Using column chromatography (DEAE-cellulose and Sephadex G-200), PA phosphatase (pH 5.0) was found to be a different enzyme from the major acid phosphatase in the cotyledons. Apparent molecular weights of phospholipase D and PA phosphatase were 150,000 and 37,000, respectively. The activity of phospholipase D was not affected by free choline, but was markedly inhibited by the choline analog and plant growth retardant isopropyl 4'-(trimethylammonium chloride-5'-methylphenyl piperidine-1-carboxylate (AMO 1618). The finding that these acid hydrolases are located in the protein bodies supports the conclusion that protein bodies form the general lytic compartment in the storage parenchyma cells.
Phospholipid catabolism in the cotyledons is not an expression of the senescence of the organs inasmuch as the onset of phospholipid breakdown precedes the start of storage protein breakdown and cellular senescence by 48 to 72 h (I 1).
There is, as yet, no clear understanding of the pathway(s) of phospholipid breakdown in plant cells. Some plant tissues, such as those of potato tubers (7, 13) , potato leaves (21) , and cauliflower florets (30), have high levels of lipolytic acid hydrolases, enzymes which liberate free fatty acids from membrane lipids. These enzymes are associated with lysosomes, and wounding the tissues results in a rapid degradation of membrane lipids, possibly through the activation of these lysosomal enzymes. Other plant tissues, particularly storage tissues such as cotyledons of seeds (9, 14-16, 20, 26) , tubers (26) , and specialized leaves (1, 26) , have high levels of phospholipase D, an enzyme which liberates choline and ethanolamine from PC4 and PE to form PA. The subcellular localization of phospholipase D has not been unequivocally established. Most workers have found that a large proportion of the enzyme activity present in a homogenate is soluble, whereas some activity is associated with various membranous organelles (for review see ref. 17 ). The role of phospholipase D in the catabolism of phospholipids has also not been established. Plants which contain high levels of lipolytic acyl hydrolase generally contain low levels of phospholipase D and vice versa, indicating that two different pathways of phospholipid catabolism may operate in plant cells.
Here, we extend a preliminary observation (9) showing that extracts of mung bean cotyledons rapidly degrade PC and PE. The two enzymes responsible for this catabolism (phospholipase D and PA phosphatase) have been partially characterized. This is, as far as the authors are aware, the first report of the presence of an acidic PA phosphatase in plant cells.
As part of an ongoing examination of the role of the ER in the mobilization of food reserves in storage tissues during seedling growth, both the biosynthesis and the breakdown of phospholipids in mung bean cotyledons are being investigated. Seedling growth of mung beans is accompanied by the apparent proliferation of new ER cisternae in the cotyledons (12) and the biosynthesis of ER-associated molecules (N. R. Gilkes and M. J. Chrispeels, unpublished). At the same time, there is a dramatic decline in the phospholipid levels of the cotyledons (9, 10, 24) . This decline is correlated with the breakdown of the very extensive ER present in the storage parenchyma cells at the start of germination (12) . ' This work has been supported by a grant from the National Science Foundation (Metabolic Biology) ( 132P]PA was formed by enzymic self-digestion of the membranes in 3 ml 100 mM K-acetate, 40 mm CaCl2 (pH 5.0) for 30 min at 37 C. The reaction was terminated by the addition of 6 ml chloroform-methanol (2:1, v/v) followed by equilibration of the phases by centrifugation. The material was chromatographed with the phospholipid TLC method described above. The lipid bands were located by a 5-min exposure to x-ray film and by iodine staining. The silica gel was scraped from the plates and the PA was recovered by successive washes with chloroform, chloroformmethanol (2:1, v/v), methanol-chloroform (2:1 v/v), and methanol. The solvent washes then were pooled and the solvent was evaporated. The recovered PA was dissolved in spectral grade benzene. Yields were typically 10 to 20 ,uCi [32PIPA. The recovered I:32P1PA was radiochemically pure by TLC in phospholipid chromatography solvent described above followed by a 24-h exposure on x-ray film assaying 20,000 dpm of the isolated [32P]PA.
PA Phosphatase Assay. PA phosphatase was assayed with PAnonionic detergent micelles consisting of [32PJPA, 100 nmol sodium PA (Supelco, Bellefonte, PA), and 0.5 mg NP40 and formed by drying benzene solutions in vacuo in assay tubes. Fifty,ul I M K-acetate (pH 5.0) was added followed by H20 and an aliquot of enzyme to bring the final volume to 250,l. The solution then was vortexed to suspend the micelles and incubated at 30 C for up to 3 h, depending on the level of enzyme activity. The reaction was terminated by the addition of I ml chloroform-methanol (2:1, v/ v), followed by phase separation facilitated by centrifugation. The aqueous layer was removed and radioactivity was counted with 3a70b scintillation fluid.
Preparation of Cell-free Extracts. Cotyledons were ground in 100 mm Tris-HCI (pH 7.5), which results in the complete rupture of protein bodies as judged by the absence of a-mannosidase and acid phosphatase from a low-speed (protein body) pellet The samples were mixed by vortexing followed by incubation at 30 C for I h with vigorous shaking. The reaction was terminated by the addition of I ml chloroform-methanol (2:1, v/v), followed by phase equilibration and scintillation counting of the aqueous phase.
pNPP Phosphatase Assay. pNPP (phosphatase substrate, Sigma) phosphatase was measured by using a standard reaction mixture of 2 mm pNPP in I ml 100 mm K-acetate (pH 5.0).
Enzyme was added (20-50 ,ul) to start the reaction and incubation was done at 30 or 37 C for an appropriate period of time, depending on the level of activity. The reaction was terminated by the addition of I ml I M Na2CO3-NaHCO3 (pH 9.75). The A at 410 nm was determined and the activity calculated using a standard curve for free p-nitrophenol.
Other Assays. Cyanide-resistent NADH-Cyt c reductase was assayed as previously described (9 ganelles present on top of the 70%o sucrose cushion showed that this fraction is rich in protein bodies. The peak of enzyme activity near the bottom of the gradient, therefore, probably represents enzyme in intact protein bodies. The enzyme at the top of the gradient may represent cytosolic enzyme or may have been derived from broken protein bodies. Measurement of other protein body proteins (e.g. a-mannosidase or reserve protein) indicated that more than 80% of the protein bodies had ruptured during the homogenization process (data not shown). Figure 2 shows that the pH 5.0 PA phosphatase can be clearly separated from the pH 7.5 enzyme. There is no apparent contribution of ER-associated PA phosphatase to hydrolysis of PA at pH 5.0, as indicated by the absence of hydrolysis at pH 5.0 in fractions 6 and 7 which correspond to the ER. These results show that mung bean cotyledons contain at least two different PA phosphatases, one which corresponds to the ER-associated enzyme and one which is, at least in part, in the protein bodies.
A new method was developed to isolate protein bodies and obtain a greater yield of intact protein bodies (29). Broken protoplasts of storage parenchyma cells were layered on a discontinuous Ficoll gradient (5% over 20%7o). Centrifugation at 9g for 20 min resulted in the formation of a band at the 5/20%/o Ficoll interface. Examination of the organelles in this band by electron microscopy showed the presence of numerous protein bodies with few contaminating cytoplasmic organelles (29).
The Ficoll gradient was assayed for the protein body acid hydrolases pNPP acid phosphatase and a-mannosidase, as well as phospholipase D and PA phosphatase. All four enzymes enhibited a peak of activity at the 5/20%)o (w/w) Ficoll interface (Fig. 3) which corresponds to the intact protein bodies. Between 70 and 80%1o of the total enzymic activity was present in the protein body fraction, indicating that there was much less rupturing resulting from this procedure than from the method using sucrose gradients. These results indicate that virtually all of the cellular phospholipase D and PA phosphatase are associated with the protein bodies. Temporal Changes in Enzyme Activity during Seedling Growth. Temporal changes in the activities of phospholipase D, PA phosphatase (pH 5.0), and pNPP acid phosphatase were determined during seedling growth. The results (Fig. 4) show that the activity of phospholipase D present in cotyledon extracts increased 2-fold during the 3 days of growth and declined subsequently, whereas the activity of PA phosphatase activity increased more than 7-fold during the first 5 days of growth. Acid The apparent mol wt of phospholipase D, PA phosphatase, and pNPP phosphatase was determined by chromatography on a column of Sephadex G-200 (Fig. 6) . Most of the protein eluted from the column with the void volume (fractions 26-30) and was clearly separated from the phospholipase D activity. Gel filtration of the phosphatases resulted in the further separation of PA phosphatase from pNPP phosphatase, confirming that these are two different enzymes rather than two enzymic activities associated with the same molecule. A comparison of the elution volumes with those of five standard proteins with known mol wt allowed a calculation of the apparent mol wt of the three acid hydrolases. The calculated apparent mol wt was 150,000 for phospholipase D, 67,000 forpNPP acid phosphatase, and 37,000 for PA phosphatase. Characterization of Phospholipid Hydrolases. pH optima of phospholipase D and PA phosphatase were determined on partially purified enzymes (DEAE-cellulose chromatography) and were found to be around pH 5.0 (Fig. 7) . Both enzymes have rather broad pH curves with considerable activity between pH 4.5 and 6.5. The apparent Km values for the substrate were found to be 7.5 x 10-4 M for phospholipase D (with PC-NP40 micelles) and 2.5 x 10-4 M for PA phosphatase (with PA-NP40 micelles) (data not shown). Since these values were obtained with mixed micelles, it is not clear to what extent they represent the affinity of the enzymes for the substrate in vivo. The higher Km for PA phosphatase, as compared to that for phospholipase D, is consistent with the notion that the activity of the former precedes that of the latter in the pathway.
Phospholipase D from many sources has been shown to be active optimally in the presence of high levels of Ca2" (50-100 mM) (14) . The mung bean cotyledon enzyme also requires 80 mM Ca2" for maximal activity (data not shown). The activity of PA phosphatase, on other hand, is not enhanced by the addition of Ca2+ (up to 100 mM) or inhibited by EDTA. K-fluoride (10 mM) inhibited activity of PA phosphatase by 57%. This inhibitor also inhibits the PA phosphatase prepared from rat liver (28). The activity of PA phosphatase was also inhibited 43% by 10 mm Na phosphate, 36% by 10 mMf /-glycerol-P, and 58% by 5 
DISCUSSION
The growth of mung bean seedlings is accompanied by a dramatic decline of phospholipids in the cotyledons. This decline starts immediately after imbibition and does not seem to be related to the senescence of the cotyledons, which begins 2 to 3 days later (10) . Ultrastructural investigations (12) show that an extensive system of ER tubules is being dismantled at this time, resulting in a sharp decrease in the total amount of ER-associated phospholipids (10) . Here, some of the characteristics and the subcellular localization of two lipolytic enzymes which may be involved in the breakdown of phospholipids are reported. In an earlier report (9) , evidence that cotyledon extracts contain enzymes which degrade 32P-labeled PC to :32P-labeled PA and that this is followed by the release of a H20-soluble, 32P-labeled compound(s) was presented. Results shown here (Fig. 1) indicate that PA is broken down to Pi and sn-1,2-diacylglyceride. These results are consistent with the presence of two hydrolases, phospholipase D and PA phosphatase, which attack PC sequentially. These two enzymes are contained within the same cellular compartment, the protein bodies (Fig. 3) .
Phospholipase D obtained from several plant species has been studied extensively (1, 3, (14) (15) (16) 20) , but this is the first report of an acidic PA phosphatase in plant tissues. It has been shown that a neutral PA phosphatase is associated with the ER of plant and animal cells (23, 25) and with the mitochondria of animal cells (28). Fractionation of cotyledon extracts on sucrose gradients confirms that the acidic PA phosphatase is distinct from the enzyme with a neutral pH optimum (Fig. 2) This effect could not be reversed by the addition of GA (2) . Interference by AMO 1618 with phospholipase D activity, phospholipid catabolism, and membrane turnover may help explain the growth retarding effect of this chemical in some plants.
There is no agreement in the literature about the role of phospholipase D in plant tissues (for review see ref. 17 ), but its acidic pH optimum (Fig. 7) suggests that it may be a catabolic enzyme. It has been shown (29) that the protein bodies of the storage parenchyma cells contain numerous other hydrolases. The finding (Fig. 3) that a protein body-rich fraction also contains phospholipase D and acid PA phosphatase indicates that these two enzymes occur in the same cellular compartment and may cooperate in the breakdown of phospholipids. The presence of these two enzymes in crude extracts leads to the rapid degradation of PC to sn-1,2-diacylglycerol, Pi, and choline, when the PC is present in mixed detergent-PC micelles (Fig. 1 ) or in membranes (9) .
The fate of the sn-1,2-diacylglyceride formed as a result of the action of phospholipase D and PA phosphatase is unknown. Homogenates have been unsuccessfully examined for the presence of diacylglyceride lipase activity and diacylglyceride-cholesterol acyl transferase (8 (6, 22) .
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